Introduction
Kümmell's disease (delayed post-traumatic vertebral collapse) is a relatively uncommon entity [1] [2] [3] [4] [5] and this condition is recognized as a form of vertebral osteonecrosis 6, 7 or as a varied type of non-union that differs from that of a long bone 2 .
The mechanism of the intra-vertebral vacuum phenomenon, which is considered virtually a pathognomonic radiographic finding of delayed post-traumatic vertebral collapse, is still unknown. The main hypothesis is the ischemic theory 8 . Maldague et al. 3 , since their original description, have stated that the presence of gas in the vertebral bodies implies the absence of fluid or blood at the fracture site, i.e., ischemia. However, there is currently no proof that ischemia or osteonecrosis serves as the major pathologic mechanisms of the intra-vertebral vacuum phenomenon 8 .
The proposed absence of fluid in the vertebral cleft is contradicted by MR imaging, which clearly demonstrates the presence of a fluid-like collection associated with gas in the vertebral body 4, [8] [9] [10] . The vacuum phenomenon observed in degenerative disc disease is caused by the accumulation of gas, predominantly nitrogen 11 . Likewise, it is presumed that intra-osseous vacuum clefts result from the release of gas within cracks in the subchondral bone after a vertebral fracture 3, 12 . The phenomenon probably represents an ununited vertebral fracture with possible formation of pseudoarthrosis 12 and may be accentuated on the hyperextension stress views 3, 6, 12 . Although the MR appearance of delayed post-traumatic vertebral collapse has been described as hypo-intense signal intensity on T1-weighted images and hyper-intense signal intensity on T2-weighted images 2, 4 , we have found various MR appearances of this disorder, and to our knowledge, MR categorization of this condition has not been previously described. We expected that these different MR findings of each vertebral collapse can be matched with pathologic findings.
The purposes of this study were to categorize the MR appearance of delayed post-traumatic vertebral collapse and to correlate findings on MR imaging with pathologic examination.
Materials and Methods
Twenty-one patients (5 men and 16 women; age range, 54~77 years old; mean 66) with pathologically proven bone necrosis of the vertebral body were investigated. Two vertebral bodies were affected in one patient; thus, 22 vertebral bodies were evaluated.
All patients had no known malignancies or predisposing conditions for osteonecrosis, such as steroid treatment or radiation therapy. Nineteen of the 21 patients had histories of falling. Corpectomy of the affected vertebral body, and anterior and posterior instrumentation around the lesion were performed in all patients.
Anteroposterior and lateral radiographs of the thoracic and lumbar spines were obtained with the patients in the standing position. Sequential extension and flexion stress views were obtained in the lateral decubitus position.
The patients were examined with a 1.5 T-MR imager (Signa; General Electric Medical Systems, Milwaukee, WI, USA) in a supine position. Spin echo T1-weighted (350-700/10-40 [TR/TE]) and fast spin echo T2-weighted (2400-5000/70-120 [TR/TE]) images were obtained in the axial and sagittal planes. Field of view was 15~25 cm for axial scanning and 25~40 cm for sagittal scanning; and two signals were acquired. A 4-mm section thickness and a 1-mm section gap were used. The image matrix consisted of 512-256×256-128 elements. The intervals between the episodes of falling and the time of MR imaging, ranged from 1 month to 4 years (mean, 8.5 months).
Delayed post-traumatic vertebral collapse was present at L1 (n=10), T12 (n=9), T10 (n=1), T11 (n=1), and L4 (n=1) vertebral bodies (Figs. 1-4) .
Two experienced musculoskeletal radiologists, who reached consensus, evaluated the MR images. MR patterns were categorized by predominant areas, which occupied more than 50% of the entire lesion of the affected vertebral body. Then, findings on pathologic examination were reviewed and MR-pathology correlations were made. All histologic slides were examined by two experienced musculoskeletal pathologists, who reached consensus, blinded to the MR imaging findings. However, we did not evaluate the interobserver variability for determining the MRI patterns and pathologic patterns. The consensus was reached by discussion between the two radiologists and pathologists.
Results
The intra-vertebral vacuum phenomenon was present in 64% (14/22) of the affected vertebral bodies (Fig. 2) . Areas of signal void on MR images, which corresponded to the intra-vertebral vacuum, were present in 50% (7/14) of the affected vertebral bodies with intra-vertebral vacuum phenomenon detected on plain radiographs (Fig. 2B) .
With regard to the MR appearance, four different MR patterns were identified in patients with delayed post-traumatic vertebral collapse, and the findings on MR images reflected the findings on pathologic examinations (Figs. 1-4).
Pattern A (fluid pattern), seen in 14% (3/22) of the affected vertebral bodies, was characterized by a predominant area of hypo-intense signal intensity on T1-weighted images, and hyper-intense signal intensity, similar to water, on T2-weighted images ( Fig. 1A and B) . Extensive bone necrosis with resorption of dead bone was predominant on pathologic examination (Fig. 1C) .
Pattern B (compression pattern), the most common pattern, found in 41% (9/22) of the affected vertebral bodies, was characterized by a marked decrease of anterior column height and a preservation of posterior wall height of the affected vertebral bodies ( Fig. 2A and B) . This pattern showed hypo-intense signal intensity on T1-weighted 34 / ASJ: Vol. 1, No. 1, 2007 Fig. 2C and D) . Bone necrosis, granulation tissue formation, marrow fibrosis, and reactive new bone formation were found in a relatively equal proportion (Fig. 2E ). Pattern C (granulation pattern), seen in 27% (6/22) of the affected vertebral bodies, was characterized by predominant areas of hypo-intense signal intensity on T1-weighted images, and intermediate signal intensity on T2-weighted images (Fig. 3A and B) . Extensive granulation tissue was predominant on pathologic examination (Fig. 3C) .
Pattern B (compressesion type) showed thinner signal void and had a bone density at the posterior 1/3 of the vertebral body, however sometimes there was no signal void, while pattern C (granulation type) showed a wider and more prominent area of signal void and a wider area of the posterior portion of the vertebral body was composed of hypointense signal density in T1 and intermediate signal density in T2-weighted images. Simple X-ray findings also had some differences between patterns B and C. Pattern B showed much more compression anteriorly and a very thin hairy intarvertebral vacuum phenomenon in the extension stress view, while pattern C showed a more distinct vacuum phenomenon and the degree of anterior compression of the vertebral body was not as severe as pattern B. Intravertebral vacuum could not be confirmed easily in most cases of pattern B.
Pattern D (mixed pattern), seen in 18% (4/22) of the affected vertebral bodies, was characterized by coexistence of each pattern on the MR images ( Fig. 4A and B) . Pathologic examination also revealed mixed histologic findings of each pattern (Fig. 4C) .
Pattern D has no predominant feature on MRI and pathology. It is composed of almost equal amount of fluid, dead bone, marrow fibrosis, granulation tissue and reactive new bone formation. 
Discussion
Delayed post-traumatic vertebral collapse is rarely reported and has several postulated pathomechanisms, such as bone ischemia 1-3, 13, 14 . Although findings on the radiographs of an intra-vertebral vacuum cleft are considered virtually pathognomonic of this disorder 3 , the absence of a vacuum cleft does not exclude delayed post-traumatic vertebral collapse from the differential diagnosis 15 . Even though vertebral body fracture and collapse are readily seen on plain radiographs, identification of vertebral osteonecrosis is often more difficult.
Histopathologic signs of osteonecrosis were present only in minor portion of cases sampled for biopsy of delayed post-traumatic vertebral collapse in the literature 3, 8, 16 . New bone formation and marrow fibrosis, which are consistent with bone repair secondary to a fracture, were more commonly found than bone necrosis. Unlike the previous reports 3, 8, 16 , histopathologic signs of osteonecrosis were present in all patients in our study regardless of the extent of bone necrosis. The authors believe this to be related to the fact that corpectomies were performed on all patients of our series, allowing for more detailed pathologic analysis.
Our results showed that the MR patterns of delayed posttraumatic vertebral collapse could be categorized and that each pattern reflected the findings on pathologic examinations. Pattern A, fluid pattern, suggested extensive bone necrosis. Pattern B, compression type, was related to a relatively equal proportion of bone necrosis, granulation tissue formation, marrow fibrosis, and reactive new bone formation. Pattern C, granulation pattern, corresponded to extensive granulation tissue formation secondary to a fracture or osteonecrosis. Pattern D, mixed pattern on MR images, was found to have mixed features of each pattern on pathologic examinations. However, relationships between the MR patterns, the intervals between the episodes of trauma, and the time of MR imaging, could not be determined in our study, because the patients could not exactly recall the time of trauma, and the interval between the trauma and vertebral collapse varied among patients.
Naul et al. 4 described a distinct MR appearance of delayed post-traumatic vertebral collapse such as; marked and discrete hyper-intensity on T2-weighted images, and hypo-intensity on T1-weighted images, at the location of the intra-vertebral cleft. Hasegawa et al.
2 also noticed MR imaging findings of delayed post-traumatic vertebral collapse a low signal intensity on T1-weighted images and high signal intensity on T2-weighted images, suggesting a false joint lined by fibrocartilaginous tissue. This appearance would be concordant to pattern A in our series. However, various patterns of different pathologic features in our study, are more pronounced when compared to those of Naul et al. 4 and Hasegawa et al. 2 (Figs. 2-4) . Delayed post-traumatic vertebral collapse of pattern B (Fig. 2), C (Fig. 3), or D (Fig. 4) could be interpreted as a malignant tumor affecting the vertebral body, although that of pattern A (Fig. 1) in our study could be differentiated from tumor without difficulty. Howerver, it is not always difficult to differentiate osteoporotic vertebral collapse with metastatic fractures in the presence of fluid, air signal void and absence of soft tissue or epidural mass formation.
Malghem et al. 10 found that the high signal intensity suggestive of water content seen on T2-weighted or T2*-weighted MR images gradually appeared and increased as the patient was maintained in a supine position for more than 20 minutes. For these authors, this phenomenon suggested a slow transudation in the cleft. Although we did not record the time between positioning of the patient in the supine position and the acquisition of MR imaging, MR imaging was performed in a usual fashion without intentional delay and MR sequences were performed in the same order in all cases. Therefore, we believe that the effect, derived from the changes in content of the vacuum cleft after supine positioning in our study, which may have influenced the MR imaging findings, would be nearly the same in all cases. Like the experience of Malghem et al. 10 , the areas of signal void on MR images, which corresponded to the intra-vertebral vacuum, were present in only 50% of the affected vertebral bodies with intra-vertebral vacuum phenomenon on plain radiographs in our study.
The present study has several potential limitations. First, the MR image interpretations, as well as the pathologic evaluations, were performed by consensus of two observers; therefore, inter-observer variability could not be determined. Second, a direct MR-pathology mapping could not be made. Third, biochemical analysis of the fluid within the gap could not be performed. Fourth, we did not check the enhanced MRI images for differentiation with other pathologies, such as metastasis and infection.
In summary, four distinct MR patterns, with regard to predominant pathologic areas, were identified in our study. And, awareness of histopathologic explanation of these MR patterns in patients with delayed post-traumatic vertebral collapse may facilitate effective interpretation of clinical MR images of the spine.
